Stimulated Raman adiabatic passage (STIRAP) allows to efficiently transferring the populations between two discrete quantum states and has been used to prepare molecules in their rovibrational ground state. In realistic molecules, a well-resolved intermediate state is usually selected to implement the resonant STIRAP. Due to the complex molecular level structures, the detuned STIRAP always coexists with the resonant STIRAP and may cause unexpected interference phenomenon. However, it is generally accepted that the detuned STIRAP can be neglected if compared with the resonant STIRAP. Here we report on the first observation of interference between the resonant and detuned STIRAP in the adiabatic creation of 23 Na 40 K ground-state molecules. The interference is identified by observing that the number of Feshbach molecules after a round-trip STIRAP oscillates as a function of the hold time, with a visibility of about 90%. This occurs even if the intermediate excited states are well resolved, and the single-photon detuning of the detuned STIRAP is about one order of magnitude larger than the linewidth of the excited state and the Rabi frequencies of the STIRAP lasers. Moreover, the observed interference indicates that if more than one hyperfine level of the ground state is populated, the STIRAP prepares a coherent superposition state among them, but not an incoherent mixed state. Further, the purity of the hyperfine levels of the created ground state can be quantitatively determined by the visibility of the oscillation.
Ultracold polar molecules offer great opportunities to study ultracold chemistry [1] [2] [3] [4] , quantum simulation [5, 6] , quantum computation [7, 8] and to perform precision measurements [9] [10] [11] . A precise control of the electronic, vibrational, rotational and hyperfine states of polar molecules is of great importance to these applications [12, 13] . Stimulated Raman adiabatic passage (STIRAP) allows for a coherent population transfer between two molecular internal quantum states [14, 15] , and has been employed to create and detect the ultracold alkali-metaldiatomic molecules in the rovibrational ground state [1, 4, [16] [17] [18] [19] [20] [21] [22] . The principle of STIRAP can be understood using a three-level model, which involves the Feshbach state, the intermediate electronic excited state, and the molecular rovibrational ground state [14, 16] . However, in realistic molecules, both the electronic excited state and the rovibrational ground state have many hyperfine levels [23, S5, S1] to be zero [16] [17] [18] [19] [20] [21] . This hyperfine excited state should be dominantly coupled to one of the hyperfine levels of the ground state, and thus a resonantly coupled threelevel system is selected. It is usually assumed that if the energy difference between the selected and the adjacent hyperfine level of the excited state is much larger than the natural linewidth of the excited states and the Rabi frequencies of the STIRAP lasers, then only the resonant STIRAP plays a dominant role, and the other excited states can be safely neglected.
STIRAP can also proceed via other hyperfine levels of the excited state with a single-photon detuning [14, 15, 22, 26] . In previous works, detuned STIRAPs are usually neglected, once a well-resolved hyperfine excited state has been selected for the resonant STIRAP. However, detuned STIRAP always exists in the realistic molecule systems and may contribute the unexpected transfer channels.
Since STIRAP is a coherent process, the different channels due to the resonant and detuned STIRAP may interfere with each other and cause unexpected interference phenomenon. Despite that STIRAPs in multi-level systems have been intensively studied in previous works [14, 15] and the various scenarios, such as the resonant and off-resonant multistate chains [27] [28] [29] , the multiple intermediate states [26] , and the multiple ground states [30, 31] , have been investigated, the interference between resonant STIRAP and detuned STIRAP has not been observed before.
The second open question is about the hyperfine levels of the ground state. Since in principle more than one hyperfine level of the molecular ground state can be populated in the STIRAP transfer, a natural question is how to quantitatively characterize the purity of the hyperfine levels of the ground state. It seems that this question cannot be answered by just observing the Feshbach molecules, since the ground-state molecule cannot be directly detected. Another relevant question is, if the STIRAP does not prepare the molecule in a single hyperfine level of the ground state, whether the molecule is in a coherent superposition or in an incoherent mixture of different hyperfine states? To answer this question is particularly important to the fermionic molecules, as the fermionic molecules in a superposition state are still identical fermions, and thus s-wave collisions among them are suppressed due to the Pauli principle [32, 33] . Incoherent mixtures, in contrast, suffer from s-wave collisions. Therefore whether the created state is a coherent superposition state or an incoherent mixture is important to interpret the lifetime of the ground state molecules [19] .
In this Letter, we report on the first observation of the interference between resonant and detuned STIRAP in the adiabatic creation of 23 Na 40 K ground-state molecules. The interference manifests itself as the oscillation of the number of Feshbach molecules after a round-trip STIRAP versus the hold time between the forward and the reverse STIRAP. Surprisingly, the oscillation has a high visibility of about 90% even if the single-photon detuning of the detuned STIRAP is about one order of magnitude larger than the linewidth of the excited state and the Rabi frequencies of the STIRAP lasers. At the same time, the STIRAP spectrum shows two peaks, and the spectrum changes with the hold time. The interference phenomenon indicates that if more than one hyperfine level of the ground state is populated, the STIRAP creates a superposition state, but not an incoherent mixure. Moreover, the interference provides a tool to quantitatively characterize the purity of the hyperfine levels of the ground-state molecule.
Our experiment starts with 23 Na 40 K Feshbach molecules which are associated from an ultracold atomic mixture in a crossed-beam optical dipole trap at a magnetic field of 89.77(1) G, which is close to the atomic s-wave Feshbach resonance between |f, m f Na = |1, 1 and |f, m f K = |9/2, −7/2 at 90.33 G [34] . approximately described by the quantum numbers F 1 ≈ 1/2, m F1 ≈ −1/2, m I K ≈ −2 and a total angular momentum projection m F = −5/2. As shown in Fig.  1 (a), the energy difference between this hyperfine state and the nearest neighbouring hyperfine excited state is 114(10) MHz, which is much larger than the linewidth 10(1) MHz of the excited state, and thus the |E r hyperfine state is well-separated from other hyperfine excited states. The pump laser coupling the |F state to the |E r state, and the Stokes laser coupling |E r and the ground state are both π−polarized. Because the |E r state has m IK ≈ −2 and m F = −5/2, the hyperfine level of the ground state that is dominantly populated by the Stokes light is given by |G r = |v, N, m INa , m IK = |0, 0, −1/2, −2 , where v and N are the vibrational and rotational quantum numbers. In this case, we expect the |E r , |G r and |F states to form an almost ideal threelevel system.
In the experiment, the pump laser (805 nm) and the Stokes laser laser (567 nm) are locked to an ultralow expansion (ULE) cavity. The peak Rabi frequency of the pump light is Ω P = 2π × 4.6(3) MHz, and the peak Rabi frequency of the Stokes light is Ω S = 2π × 9.3(4) MHz. They are determined from the two-photon dark-state spectroscopy as shown in Fig. 1(b) . We first perform a round-trip STIRAP using the pulse sequence in Fig. 1(c) . The number of the remaining Feshbach molecules during the STIRAP process is measured by truncating the pump and the Stokes laser pulses and detecting the molecules in So far, the experimental results are consistent with our understanding based on a simple three-level model. We then measure the STIRAP spectrum by scanning the frequency of the pump laser. As shown in Fig. 2(a) , we observe two well-separated peaks in the spectrum, with a frequency difference of about 240 kHz. The observation of two peaks is unexpected, since the Stokes laser dominantly couples the |E r state with the |G r state, and a numerical calculation shows that the coupling strength between the |E r and |G r states is about one order of magnitude larger than to other hyperfine levels of the ground state.
We set the frequency of the pump laser to the higher peak and measure the lifetime of the ground-state molecule by varying the hold time between forward and reverse STIRAP. We observe that the number of the Feshbach molecules after a round-trip STIRAP oscillates as a function of the hold time, with a high visibility of about 90% and a frequency of about 123 kHz, as is shown in Fig. 2(b) . This indicates the efficiency of the reverse STIRAP oscillates with the hold time. Note that an oscillation of the Feshbach molecule number after a round-trip transfer was also reported in Ref. [21] . In that work, the oscillation frequency is consistent with the axial trapping frequency, and the oscillation is attributed to the axial sloshing. However, in our experiment, the oscillation frequency is about three orders of magnitude larger than the trap frequencies.
To understand these phenomena, we measure the STIRAP spectrum using a different pulse sequence. As shown in Fig. 2(c) , the shape of the spectrum changes and the higher peak is shifted by about 60 kHz. By setting the frequency of the pump laser to this higher peak, we measure the number of Feshbach molecules as a function of the hold time, which still oscillates with the same frequency but with a different phase (see Fig.  2(d) ).
These results strongly suggest that what we observe is a quantum interference phenomenon. The oscillation frequency of about 123 kHz is very close to the energy difference between the |G r state and the adjacent hyperfine level of the ground state |G d = |0, 0, −3/2, −1 at B = 89.77 G [19, S1] . Therefore, these phenomena may be due to interference involving these two hyperfine levels. However, the coupling strength between the |E r and |G d states is negligible, and thus the resonant STIRAP will not populate the |G d state.
After carefully studying the molecule structure and the STIRAP process, we find these phenomena can be explained by taking the detuned STIRAP between the |F and |G d states via the neighbouring hyperfine excited state |E d into account, described by the quantum numbers To quantitatively explain the experimental results, we numerically calculate the STIRAP spectrum [36] . In our calculation, we include three neighbouring hyperfine excited states |E i with i = r, d, n and three neighbouring hyperfine ground states |G i with i = r, d, n, which can be coupled by the Stokes and the pump light. The relative coupling strengths between the different states are calculated by using the method introduced in Ref. [22, 36, S5] . The shape of the theoretical STIRAP spectrum is fitted to the experimental data, as shown in Fig. 2(a) and 2(c) . The two peak structures of the STIRAP spectrum are reproduced by the theoretical calculations. The valley between the two peaks is caused by destructive interference, and the peaks are shifted from two-photon resonances due to the interference. The numerical calculations show that the forward STIRAP mainly creates a superposition between the |G r and |G d states, and that the efficiency of the round-trip STIRAP oscillates with a frequency equal to ν rd .
The observed interference demonstrates that in the STIRAP transfer, if more than one hyperfine level of the ground state can be populated, the forward STIRAP creates a superposition of the different hyperfine states. It is still a fully polarized state, but not an incoherent mixture. For the fermionic molecules, the swave collision between the ground-state molecules in a superposition state is still suppressed due to the Pauli principle [32, 33] .
The observed oscillation provides a method to quantitatively characterize the purity of the hyperfine levels of the created state. Assuming θ 1 = θ 2 = θ, the visibility of the oscillation may be expressed as vis = (1 − cos 4θ)/(3 + cos 4θ). The visibility in our experiment is about 0.90, and a simple calculation yields |G in = √ 0.61|G r + e iφ1 √ 0.39|G d . Therefore we determine the purity of the ground-state molecule in the |G r state to be about 0.61.
The purity can be increased by reducing the Rabi frequencies of the lasers. The STIRAP spectrum and the efficiency versus the hold time for different Rabi frequencies are plotted in Fig. 3 . By reducing the Rabi frequencies to Ω P , Ω S ≈ 2π × 3.3 MHz, no obvious oscillation can be observed, as shown in Fig. 3(d) . If we still fit the data points with an oscillation function, we obtain a visibility of 0.03, and thus the purity in |G r is 0.99, which is very high.
The created superposition state created is between the |G r and |G d states. These two states have only nuclear spins, and their frequency difference is insensitive to the magnetic field. We measure the oscillation for a long hold time. As shown in Fig. 4 , the oscillation can be clearly observed after 150 ms which corresponds to more than 10 4 oscillations. By fitting the data points with a single oscillation function, we obtain the frequency of 123.080(1) kHz. From this frequency, we determine the scalar coefficient c 4 = 416(35) Hz in the molecule Hamiltonian, which is consistent with the result in Ref. [37] . The superposition between different hyperfine ground states may be employed to implement a STIRAP interferometer. The superposition state created in our work is due to the interference between resonant and detuned STIRAP. The superposition state may also be created by employing polarizations of lasers. For example, a superposition state may be easily created in STIRAP by employing the (σ + + σ − )/ √ 2 polarized pump light to couple the Feshbach state to two hyperfine excited states, and by employing the π polarized Stokes light to couple each hyperfine excited state to one hyperfine ground state. Besides, a similar interferometer could be created by stopping STIRAP half-way [38, 39] .
In summary, we have observed interference between resonant and detuned STIRAP in the adiabatic creation of 23 Na 40 K ground-state molecules. Such an interference phenomenon adds an unexpected new basic aspect to STIRAP, which has been overlooked in the past. The interference clearly demonstrates that if more than one hyperfine state is populated, the state created by STIRAP is a superposition state, and thus the s-wave collisions between the fermionic molecules are still suppressed due to the Pauli principle. The superposition state can be changed to an incoherent mixture by introducing decoherence mechanisms. The mixture might be useful in evaporative cooling, as demonstrated the 6 Li atomic gases [32, 40] . The observed oscillation provides a method to quantitatively measure the purity of the ground-state molecules. The STIRAP interferometer may also be employed to detect collisions between molecules. To quantitatively understand the experimental results, we use a seven-level model to numerically simulate the STIRAP process. In the supplementary materials, we denote the three hyperfine levels of the excited states |E r , |E d and |E n by |e 1 , |e 2 and |e 3 , respectively, and we denote the three hyperfine levels of the ground state |G r , |G d and |G n by |g 1 , |g 2 and |g 3 respectively. The Feshbach state |F is denoted by |f . The pump light couples |e 1,2,3 to |f , and the Stokes light couples |e 1,2,3 to |g 1,2,3 . In the rotating frame, the Hamiltonian governing the STIRAP process is given by
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In the case that the pump light resonantly couples |e 1 to |f , and the Stokes light resonantly couples |e 1 to |g 1 , we have ∆ e1 = δ g1 = δ f = 0. The linewidth of the excited state Γ = 2π × 10 MHz, the detuning of the other two excited states ∆ e2 = 11.4Γ, ∆ e3 = 19.6Γ, and the peak Rabi frequencies Ω e1f = Ω P = 0.46Γ, Ω e1g1 = Ω S = 0.93Γ can be determined in the experiment. The other parameters are determined by theoretical calculations. The detuning of the other two hyperfine levels of the ground state are δ g2 = 0.012308Γ and δ g3 = −0.012224Γ. The values of the relative coupling strengths are listed in Table S1 . The details of the calculations are given in Sec. B, C, and D of the supplementary materials. In our experiment, the time dependent intensity of the pump and Stokes light is approximately given by
for t i < t < t i + 2t d with t d = 8 µs, which is obtained by controlling the rf power driving the acoustic-optical modulator. Given these parameters, we can numerically simulate the STIRAP process by solving the time dependent Schrödinger equation
where the wave function is expressed as The number of Feshbach molecules after a roundtrip STIRAP is proportional to the probability in the
In Fig.  S1 , We plot the calculated P f (∞) as a function of hold time. The dashed line is the theoretical curve for the Rabi frequencies Ω S = 0.93Γ and Ω P = 0.46Γ. The oscillation frequency is given by 123.08 kHz, which is equal to the frequency difference between |g 1 and |g 2 . The calculated STIRAP efficiency is higher than the experimental result, which may be due to the remaining phase noises of the pump and Stokes lasers.
The STIRAP spectrum is given by plotting P f (∞) as a function of δ f . The spectrum show two peak structures and is also a period function of the hold time, which is consistent with the experimental results. The shape of the calculated spectrum is fitted to the experimental data, as shown in the Fig. 2(a) and 2(c) of the main text.
Given the theoretical model, we find that the effect of interference can be suppressed by reducing the Rabi frequencies of the pump and Stokes lasers. As shown in Fig. S1 , by reducing the Rabi frequencies to Ω S = Ω P = 0.33Γ, the interference is largely suppressed. In our experiment, when reducing the Rabi frequencies to Ω S , Ω P ≈ 0.33Γ, no obvious oscillations can be observed, as shown in Fig. 3 of the main text.
In the following sections, we will give the details of the calculations to determine the energy differences δ g2 and δ g3 and the relative coupling strengths listed in Table S1 .
B. GROUND STATE
The rovibrational ground state has good quantum numbers N = S = J = M J = 0. The quantum state of the hyperfine level of the ground state can be expressed as |N SJM J m iNa m iK , where the projections of nuclear spins m iNa and m iK are also approximately good quantum numbers at the large magnetic fields. The energy difference δ g2 and δ g3 of different hyperfine levels are calculated using the Hamiltonian [S1]
where g iNa = −0.00080461 and g iK = 0.00017649 are the nuclear g-factors and B z is the bias magnetic field. We have used the measured value c 4 = 416 Hz in the calculation.
C. FESHBACH STATE
To calculate the relative coupling strengths between the different hyperfine levels of the excited states and the Feshbach state, we first calculate the wave function of the Feshbach state using the coupled-channel method. The Hamiltonian describing the s-wave bound state is
The first term is the kinetic energy T = − 2 2µ d 2 dr 2 with µ the reduced mass. The second term describes the spinexchanging interaction, where P 0 = 1/4 − s Na · s K and P 1 = 3/4 + s Na · s K are the singlet and triplet projection operator respectively with s the electron spin. V 0 (r) and V 1 (r) denotes the Born-Oppenheimer singlet potential X 1 Σ and triplet potential a 3 Σ. The Born-Oppenheimer potentials can be expressed as power expansions of r, whose exact form can be found in Ref. [S2, S3] . H hf is the hyperfine interaction term, described by
where a Na,K is the hyperfine constant and i is the nuclear spin. The last term is the Zeeman term
with g s the electron g-factor, g i the nuclear g-factor and B z the bias magnetic field. The internal state may be expressed in terms of the spin basis |σ = |S, M S , m iNa , m iK . The Hamiltonian couples all the internal states with the same M F = M S + m iNa + m iK . For a given M F and B z , we first diagonalize the H hf + H z to obtain the internal eigenstate |χ i and the threshold energy E The triplet component of the wave function of the hyperfine levels of the excited state can be expressed as
